Much of the economic value of wildlife can be attributed to horn size, which is an important trait for trophy hunters. The main objective of the study was to estimate genetic parameters for the economically important horn traits of sable antelope that are currently being measured in the South African industry. To date, no quantitative genetic analysis has been done for any traits in sable antelope. The total number of records included in the evaluation were n = 1713 for horn length (SHL), n = 1503 for circumference (SHC), n = 1486 for tip to tip (SHTT), n = 1505 for tip length (SHT), and n = 1447 for rings (SHR). Males and females were considered separately in six-month age clusters. A Markov chain Monte Carlo (MCMC) multi-trait analysis was used to estimate (co)variance parameters for the horn traits. The results indicate a sex effect for all the traits and suggest that it is not economically viable to measure horn length of either sex after 54 months old. The horns of females are on average 40% shorter compared with bulls at maturity. Continuous horn growth throughout the lifetime of sable is suggested by the formation of ring posts, but is often masked by horn attrition and inadequate measuring techniques. An inbreeding coefficient of 0.0043 suggests adequate genetic diversity in the studied population. Heritability estimates of horn traits varied from 0.085 to 0.52, while genetic correlations ranged from 0.1 to 0.6 with the highest correlation being found between horn length and tip to tip. Further studies are recommended to confirm these results.
Introduction
Hippotragus niger niger is one of four recognized subspecies of sable antelope that are found in Africa (Matthee & Robinson, 1999) . Historically they were distributed naturally over the northern savanna bushveld of South Africa (Furstenburg, 2008) . Between 1930 and 1960 in the Letaba/Gravelotte area of Limpopo, the number of sable antelope decreased from an estimated 20 000 to 1 500 (Kriek Wildlife Group, 2017) . According to Parrini et al. (2016) , the development of livestock farms, deterioration of habitat and uncontrolled hunting were the main reasons for this dramatic decrease in animal numbers. Sable are generally sensitive to interspecific grazing competition from livestock and high-density wildlife species such as impala and wildebeest, while climate change (e.g. drought) and habitat mismanagement (bush encroachment, burning practices) are also responsible for the continuous loss of suitable habitat (Bothma et al., 2010; Parrini et al., 2016) . Driver et al. (2012) reported that the intact natural habitat of sable antelope is highly threatened in South Africa, with only 10% currently being well protected. In the 1970s major relocation projects were carried out by the South African National Parks Board and Department of Nature Conservation to prevent extinction of the species (Oberem & Oberem, 2016) . However, only in 1996 were sable declared lower risk/conservation dependent. They were moved to least concern on the International Union for Conservation (IUCN) red list in 2008 (Parrini et al., 2016) .
After the implementation of the Game Theft Act No. 105 of 1991 which allowed private ownership of wildlife in South Africa (Simpson, 2012) , sable were imported from Malawi, Zimbabwe and Zambia to rebuild the South African population (Kriek Wildlife Group, 2017) , which marked the beginning of the sable ranching era in the country. Being a scarce species and one of the most visually appealing African antelopes, sable are currently popular high-value animals on game ranches because of their considerable contribution to the multibillion rand breeding and hunting industries (Cloete et al., 2015) . Consequently, much of their economic worth is attributed to horn size. Factors that affect the horns are therefore of particular importance to wildlife managers. As a result, data recording of horn growth, pedigree and reproduction information has become an integral part of sable management.
Male and female sable both have black horns that curve backwards and are ringed on the upper surface. The cows' horns are more slender and significantly shorter than those of the bulls (Estes et al., 1999) . The horns of live and trophy animals are classified and measured according to the general horn measuring methods of the Rowland Ward (RW) and Safari Club International (SCI) trophy hunting systems , including horn lengths, circumferences and tip-to-tip measurements. Alternative measurements such as horn tip length and ring counts are also taken to evaluate the horn performance of live animals.
Molecular genetic studies have been conducted on sable antelope to determine mitochondrial and nuclear DNA population structures (Matthee & Robinson, 1999; Jansen van Vuuren et al., 2010) , while DNA markers have been developed for parentage verification (Miller et al., 2016) . However, to date no information is available on quantitative genetic analysis for sable horn traits. According to the knowledge of the authors, the current study is the first of its kind and aims to i) provide descriptive statistics, and ii) estimate genetic parameters based on genomic verified pedigrees for horn traits of economic importance of sable antelope in South Africa.
Materials and Methods
On-farm horn performances were recorded by wildlife managers, and genomic verified pedigrees using microsatellite markers were extracted from the complete dataset (1537 animals from 76 herds across South Africa from January 2000 to May 2016) that was provided by Wildlife Stud Services. Guidelines regarding animal care and welfare were followed as stipulated and approved by the Animal Ethics Committee of the University of the Free State (Experiment No. UFS-AED2018/0054). Horn traits were measured according to the RW, SCI and other systems. Figure 1 illustrates the measurements of the economically important horn traits that were considered in the present study. The SCI horn traits included left (SHLL) and right horn length (SHLR), and left (SHCL) and right (SHCR) horn circumference. The tip-to-tip measurement of the RW system (SHTT) and other horn parameters such as tip length (SHTL, SHTR), and ring counts (SHRL, SHRR) of both horns were also considered. Horn length is measured from the base along the front curve to the horn tip (A-B) without pressing the measuring tape down into the grooves (Figure 1 ). The circumference measurement is taken at the base of the horn as close to the head as possible (F). The tip-to-tip length of the horn (C-B) is determined as the straight line from the tip of the one horn to the tip of the other, while the tip length is measured from the first ring of the apex along the front curve to the horn tip . Ring count measurement is taken as the number of horizontal rings along the horn.
The original dataset was filtered using R statistical computing software (R Core Team, 2017) , including animals within three standard deviations from the mean, and eliminating animals without date of birth. Animals in a contemporary group (as the interaction between herd and birth year) with fewer than five individuals were excluded. After correlations were established between left and right horn measurements using R statistical computing software (R Core Team, 2017) , average measurements were calculated and used for further evaluation of the descriptive statistics for the traits, while bilateral traits were considered individually to establish genetic correlations. The total numbers of records included in the evaluation for each horn trait were n = 1713 for average length (SHL), n = 1503 for average circumference (SHC), n = 1486 for tip to tip (SHTT), n = 1505 for average tip length (SHT), and n = 1447 for average number of rings (SHR). For the descriptive statistics, males and females were considered individually and six-month age clusters were assigned.
All the independent variables were evaluated using a type III (ANOVA). A multi-trait repeated measurement animal model, using Markov chain Monte Carlo techniques (MCMC) was fitted. The R software package MCMCglmm (Hadfield, 2010) was utilised to estimate genetic parameters for and among these horn traits. Relative uninformative prior distributions for direct, permanent and residual variances were specified, resembling an inverse gamma distribution with a variance at the limit of 1 and a degree of belief parameter of 0.002, which is frequently used for variance components (Hadfield, 2017) . The MCMC analysis was set up with a total of 200 000 iterations. Twenty thousand iterations were dropped at the beginning of the burning process, while one in five iterations was stored in memory. Convergence was assessed using the Cramer-von-Mises statistic test.
Expanded from Mrode (2005) , in matrix notation the multi-trait animal model can be represented as:
is a vector that represents the observed phenotypic records of the i th trait (1 to n)
is an incidence matrix of fixed effects associated with trait i is a vector of the regression coefficients for the fixed effects of each trait i is an incidence matrix relating traits i records to animals in the pedigree is the vector of additive random animal effects for trait i is an incidence matrix of the permanent environmental effects is the vector of permanent environmental effects for trait i is a vector of trait's i random residual values (not considered by the fixed and other random effects)
The random effects were evaluated according to the assumption that they were normally distributed and independent.
Where: G, Q, and R are (co)variance matrices of genetic, permanent environmental and residual effects that are represented as:
Where: I is an identity matrix accounting for the total number of evaluated animals, A is the relationship matrix defined by the pedigree, the diagonal elements , and are the genetic, permanent environmental and residual effects variances for traits i to n , and are their corresponding co-variances.
The definitive animal models for each trait were:
Where: y ijklmop refers to the ijklmop th observation of an animal in the ijklmop th subclass (e.g. herd-year) μ corresponds to the population mean of the evaluated trait sex i denominates the i th effect of sex age j identifies the j th effect of the age in months of every measurement cs k represents the k th calving season of the measured anima, os l is the l th observation or measurement season a o represents the additive genetic component associated with the performance record, pe p equals the random permanent environmental effect e ijklmop comprises the residual effect of the model, including environmental and non-additive genetic effect.
Based on Falconer & Mackay (1996) , heritability estimates (h 2 ) were calculated as the average of each individual posterior distribution heritability using the following equation:
Where:
representing the additive genetic variance the permanent environmental variance the residual variance.
As shown by Wilson et al. (2010) , the posterior genetic correlations were obtained as the average of each posterior distribution correlation described as:
Where: is the posterior additive genetic covariance between traits x and y with are the posterior genetic standard deviations of traits x and y, respectively.
Inbreeding coefficients were estimated according to the equations presented by Wright (1922) . 
Results and Discussion
To the knowledge of the authors, quantitative genetic evaluations for horn traits of sable antelope have not been published before. The type III (ANOVA) results showed that sex effect had a significant (P <0.05) influence on all the traits. A more detailed analysis of these sex differences is presented in Figures 2 and 3 , which highlight the differences in age (clustered in 6-month periods starting from seven months old). Horn length growth in males and females stabilizes by 49 to 54 months old (Figure 2A ). Horn length, however, differs between sexes, with male horns being on average 13 inches longer than female horns over the study period. In the active growing stage (0-54 months), males gain on average 0.81 inches per month, while females achieve approximately 60% of that (0.51 inches). Maximum growth occurs between 7 and 36 months and 7 and 30 months old for males and females, respectively. Horn tip length demonstrates large variation around the mean within age clusters with a downward trend in horn tip length over time.
The primary control of horn growth resides within the skin, pushing the older layers ahead towards the apex. Thus horns can theoretically continue to grow throughout the lifetime of an individual (Hall, 2015) . However, in the present study a plateau state was reached (Figure 2A ). Therefore it may be assumed that the growth in length ceases or that the rate of attrition equals and even exceeds the growth rate (Simpson, 1971) . This statement might apply in particular to aggressive animals (correlated with high social hierarchy and age), as they tend to wear off their horns or even break them as a result of fighting or dominant behaviour (Thompson, 1993; Pelletier et al., 2003) . The large variation in horn tip lengths ( Figure 2B ) can partly be explained by various rates of horn attrition from the tip, while discrepancies in defining the first horn ring of the measuring technique contributes to this variation. In addition, care must be taken to prevent accidental selection against unknown correlated traits when selecting exclusively for horn size. Instead, a holistic selection approach is recommended that combines horn growth with multiple traits such as fertility and body conformation (Hazel & Lush, 1942; Lush, 1943) , while considering the social structure of the herd.
Figure 2 Mean horn length (A) and horn tip length (B) with standard deviations for males and females in 6-month age groups
In males, the role of testosterone in growth, development and maintenance of horns has long been acknowledged (Davis et al., 2011) . The results of the present study (Figure 2A ) indicate that the end of the maximum horn growth period coincides with the onset of puberty at around 36 months for males and 24 months for females (Furstenburg, 2008) . Interestingly, in his study of Spanish ibex and European mouflon, Toledano-Díaz et al. (2007) concluded that horn growth could be interrupted and episodic, which is attributed not only to testosterone but also to complex interactions between various hormones and other signalling factors., Figure 2A shows that horn length ontogeny changes throughout the lifetime of sables, as indicated by Davis et al. (2011) for bovidae animals.
Contrary to what evolutionary studies suggest (Erickson, 1996; Hall, 2015) , the findings of the present study did not exhibit inferior horn development for animals bred in captivity compared with their wild relatives (Figures 2 and 3 ). This is supported by a population average (42.43") above the RW trophy standard for bulls between 48 and 54 months in the present study, comparable with the results reported by Crosmary et al. (2013) on trophy-hunted sable in the Matetsi Safari area of Zimbabwe. The assumption of inferior performance of captive bred herds is based on the possible effects of inbreeding in small populations (Scribner et al., 1989; Fitzsimmons et al., 1995) , but the evaluation of these herds showed a low average level of inbreeding (0.0043).
Horn circumference reaches a developmental plateau at the same age cluster (31-36 months) for both sexes (Figure 3) . Similar to the horn length traits, males showed a greater development at the circumference, nearly 2.7 inches on average more than females over the study period. It is also apparent that these traits are less variable within age group than length traits.
Figure 3
Mean horn circumference and standard deviation for males and females clustered in 6 months old Simpson (1971) observed that post-mature horn growth in sable occurs characteristically at the base of the horn, is thicker in diameter, and lacks the distinct ridges (Figure 4 ) of sub-mature growth. Environmental effects like abrasion at the anterior side of the horn can mask this type of growth in some cases and might also explain why there is no increase in horn circumference after 36 months old in the present study (Figure 4 ). As discussed, the 36-month-old stage involves a range of physiological changes. For example, the bulls reaching puberty and females start to calve down, which contributes to the environmental effects that might disguise growth in horn circumference during this period. The possibility that horn growth can occur in terms of horn density (structural and weight changes) without affecting the horn dimensions should also be investigated. Within age clusters it is evident that the tip-to-tip measurement ( Figure 5 ) presents a large variation for both males and females, with males again displaying higher trait values on average.
A B C Figure 5
Mean horn tip to tip measurement and standard deviation for males and females clustered in 6-month age groups
Distinctive horn shapes may arise by modulating zones of keratin production at the base of the horn (Davis et al. 2011) . The sable breeding and hunting industry prefers a symmetrical horn shape with average to above average tip to tip to horns with narrow tips and those that are asymmetrical.
Horn rings follow a similar development pattern to horn length, but reach a plateau state at a later age (61-66 months old) (Figure 6 ). Little variation between sexes is observed for horn ring counts from 7 to 42 months old, while relatively large variation is seen around the means within the age clusters. An increase in the number of horn rings is seen even after the growth in horn length seemed to have ceased. In terms of the downward trend in horn tip length with age, it has been suggested that horn attrition accounts for this phenomenon and horn growth is a continuous process throughout the lifetime of the animal (Simpson, 1971; Hall, 2015) . The ring count seems to reach a plateau state, but measuring techniques do not consider horn ring abrasion or sub-mature growth, often referred to as 'posts' (Figure 4) . In addition, the data of the present study indicate that horn ring count is not an accurate estimation of age for sable antelope because of the variation in means in age classes for both sexes. (Table 1) , most variance components (except horn length and tip to tip) were shown to be accurate for horn traits. In the present study heritability estimates for horn length and circumference were found to be very low (below 0.1), but the heritability of the horn length was not estimated accurately according to the SD. On the other hand, the tip-to-tip measurement showed a heritability estimate that was considered medium to high (0.31), while tip length was highly heritable (±0.5). Considering the low heritability estimates of horn circumference (Table 1 ) in this population, performance is probably affected by the environment largely. Environmental factors such as seasonal and annual cycles, disease, physiological status and stressors such as social hierarchy have been reported to influence horn growth (Frandson et al., 2003) . Based on the phenotypic variation of the horn tip-to-tip ( Figure  5 ) and the moderate heritability estimate, this suggests that genetic improvement can be made. However, the high SD values associated with the tip-to-tip trait (Table 1) warrant further investigation. For this study, the small sample sizes and the lack of a standard protocol for horn recording suggest that more data and additional studies are required to confirm these results.
Positive genetic correlations were estimated between horn length and other horn traits (Table 2 ). According to these values, circumference and tip length genes are weakly associated with the one controlling length expression. Rings were moderately correlated with length, while a moderate to high relationship was found between length and tip to tip.
The monetary value of live and trophy-hunted sable is determined largely by horn length (Du Toit et al., 2010; Van Rooyen et al., 2016) . Naturally, it is worth exploring whether the final horn length performance can be predicted at an early age from other traits by considering the strength of the relationships between traits. Tip length and ring count was moderately correlated with horn length, while circumference was weakly correlated and tip to tip was moderately to highly correlated with horn length. None of the traits revealed a genetic (Table 2) or phenotypic correlation (data not shown) above 0.7 with horn length, indicating that a number of exceptions are likely to occur (Bourdon, 2000) . Also, when considering the low heritability estimate of horn length it is evident that the expression of the trait is not strongly influenced by additive genetics, but is more closely associated with the environment. Lastly, an inbreeding coefficient of 0.0043 suggests that this population retained adequate genetic diversity and management practices did not affect the genetic integrity or performance negatively.
Conclusions and Recommendations
The study indicated that horn traits of sable antelope are influenced by sex. Bulls have on average 40% longer horns than cows at maturity. Although the horns of sable grow continuously throughout their lifetime, this is masked by horn attrition. Therefore, it is not economically viable to measure horn length after 54 months old in either sex.
Heritability estimates for sable horn traits vary from low to high. However, the small sample sizes and protocol recording issues of some traits suggest that more data and further studies are required to confirm the results of the present study. Finally, proper management practices demonstrate that captivity does not affect the performance or genetic integrity of sable negatively.
